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Abstract: A series of experiments have been conducted to determine the flexural and
torsional rigidity of an Olympus colonoscope CF-140S and torsional rigidity of a Pentax
colonoscope EC-3870 and the dependency of these properties on temperature and on the
presence of loops. Along the length of the colonoscope, the flexural rigidity of the Olympus
colonoscope varied between 260 and 400Ncm2 and the torsional rigidity varied between 68 and
88Ncm2/deg, with an average of 76Ncm2/deg for tests involving 0.86Nm of anticlockwise
torque. Results show a significant decrease of 10 per cent in torsional rigidity between
clockwise and anticlockwise torque. For the Pentax colonoscope flexural rigidity was not tested;
its torsional rigidity varied between 34 and 76Ncm2/deg, with an average of 46Ncm2/deg for
tests involving 0.43Nm of anticlockwise torque. An increase in temperature of the Olympus
colonoscope from 24 to 37 uC reduced the flexural rigidity by an average of 17 per cent and
torsional rigidity by an average of 7 per cent. A right-handed loop caused a significant increase
in flexural rigidity, but other looping configurations had no significant influence.
Keywords: colonoscopes, endoscopes, flexural rigidity, torsional rigidity
1 INTRODUCTION
The uses of colonoscopy include the screening of a
patient’s colon for adenomas, performing biopsies of
suspect tissue, the removal of any malignant tumors
clinically known as adeno-carcinomas, and in some
cases as a technique for minimal invasive surgery of
organs surrounding the colon. The modern colono-
scope has evolved from its initial incarnation as a
semi-flexible tube with a fibre-optic light source and
eye-piece, into a highly complex and highly flexible
piece of equipment that can provide high-resolution
digital video or ultrasound images and requires
highly trained practitioners in order to be used with
maximum efficacy.
A principal requirement for a colonoscope is that
it must be highly flexible while simultaneously being
able to resist buckling when transmitting torque.
This is achieved in a typical design by using flexible
steel coils that are banded in opposite directions to
each other. The coils are covered by a braided metal
sheath and a polymer outer layer that comes into
contact with the patient’s colon. In this study, a
series of experiments were conducted in order to
determine the flexural and torsional rigidity of ex-
service Olympus and Pentax colonoscopes. The
tested colonoscopes were constructed in the late-
1990s and all had at least 10 year’s clinical use. It
should be noted that the colonoscope’s physical
properties can vary between different colonoscopes
of the same model due to factors such as age, pre-
sence of buckling, and differences in the materials
used in their manufacture.
The primary motivation of this work is to obtain
flexural and torsional properties of the colonoscope
for use in a more realistic finite element simulation
of colonoscopy. This forms part of a colonoscopy
simulator framework that has been developed for
training purposes [1].
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A literature search on colonoscope mechanical
property testing returned seven studies ranging in
date from 1984 to 2003 [2–8]. The contributions and
limitations of these articles are summarized in
Table 1. The early study by Nemirovskii and Kuz’min
[2] was the only one to consider both torsional and
flexural rigidity. This study was conducted in 1984
and performed on now obsolete fibre-optic model
endoscopes. Nemirovskii [3, 4] later published two
separate articles comparing four different endoscope
models with results for an Olympus colonoscope
included. There is a lengthier journal article in
Russian [5] that was not accessible for the literature
review that these two studies reference. The later
studies by Brooker et al. [6] and Wehrmeyer et al. [7]
were restricted to measuring flexural rigidity. The
only studies to consider the effect of temperature
on the colonoscope were by Burn et al. [8] and
Dogramadzi et al. [9]. A range of ex-service colono-
scopes were tested in the studies reported in the
literature; however, none of them addressed the
linearity of the measurements or the dependence of
the measurements on other factors. In a letter to the
editor of Gut in 2001, Bell and Burn [10] called for
more commonality in the stiffness of endoscopes
based on data suggesting that even in the same mo-
del of colonoscopes there are variations in flexural
rigidity.
Three methods have been presented in the litera-
ture to determine the flexural rigidity of a colono-
scope: in the first method fixed support restraints are
applied at two points on the colonoscope. A known
weight is suspended at the midpoint of the sup-
ported section and the deflection measured. The
flexural rigidity, defined as the product of the elas-
ticity modulus E and the moment of inertia I, is then
calculated using standard beam theory. Nemirovskii
[3] and Brooker et al. [6] applied this method to
compute EI and Wehrmeyer et al. [7] and Burn et al.
[8] used it as a validation method on top of their
primary methods.
In the second method a compression load is
applied on a segment of the colonoscope until
buckling occurs and then Euler’s buckling formula
is used to determine EI. The column length is varied
and tests repeated to add confidence to the results.
Wehrmeyer et al. [7] used this method and reported
similar results to those obtained using other meth-
ods; however, Burn et al. [8] consider the complexity
of the rig to be excessively high and they also note
Table 1 Summary of literature review findings
Contributions Limitations
Author : Burn et al. [8] Year : 2003
Highly detailed results No torsion tests were attempted
Olympus and Pentax scopes compared Included both discrete and continuous measurement techniques
Investigates effect of temperature Temperature testing method prone to calibration error
Relatively imprecise testing rig
No linearity assessment was completed
Author : Brooker et al. [6] Year : 2000
First paper to include variable stiffness scopes Mechanical properties not the direct purpose of the study
Showed clear stiffening as length progresses No error or variance data reported and low number of samples (n5 3)
Only showed Olympus colonoscopes
No torsion tests were attempted
No tests for linearity or temperature
Relatively imprecise testing rig
Author : Wehrmeyer et al. [7] Year : 1998
Olympus and Pentax scopes compared No investigation into effect of temperature or linearity
Showed correlation between column and beam methods Column method was not used to find EI in equal steps down the length
only by increasing L
Variation in EI value between identical colonoscopes Bending tests measured only every 40 cm and not repeated (n5 1)
Included the application of a stiffening rod Differences between scope types not very significant (relatively
imprecise testing rig [¡10 per cent error with 68 per cent confidence])
No torsion tests were attempted
Author: Nemirovskii [3, 4] Year : 1993 and 1994
Four scopes, three manufacturers Exact models of fibre-optic scopes not defined
Quantified both torsional and flexural rigidity more precisely
than the earlier study
Data not detailed (no standard deviations or number of tests given)
Indicated the proportion of load taken by different
components of the scope
No investigation into temperature effects or linearity
Gastroscopes and colonoscopes compared Method of testing not mentioned
Author : Nemirovskii and Kuz’min [2] Year : 1984
First work on the subject Old fibre-optic scopes
Five scopes, two manufacturers Data not detailed (no standard deviations or number of tests given)
Quantified both flexural and torsional rigidity No investigation into temperature effects or linearity
Indicated the proportion of load taken by different
components of the scope
Relatively imprecise method
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that the rig does not allow the linearity of the values
to be assessed.
In the third method a three-point bending rig with
roller supports is used. Burn et al. [8] used this
method which allows for rapid testing of different
sections of the colonoscope. The calculation of EI
using this method assumes that the ends past the
rollers are free.
To test the influence of temperature, the method
employed by Burn et al. [8] involved heating the
colonoscope in a warm water bath for 15min. The
colonoscope was then removed from the bath and
tested directly, with an adjustment made for the
temperature loss during the installation in the test
rig.
This paper describes the design of flexural and
torsional testing rigs and the methods used to assess
the flexural and torsional rigidity of an ex-service
Olympus CF-140S colonoscope with a diameter of
13.3mm, and the torsional rigidity of an ex-service
Pentax EC-3870 colonoscope with a diameter of
12.8mm. The effect of temperature (room and body
temperature) and presence of nearby loops is also
discussed.
2 METHODS
2.1 Experimental design
An Instron micro tester 8874 single-column testing
machine was used for flexural testing (Fig. 1) and a
custom-designed rig was used for torsional testing
(Fig. 2). A ‘WarmTouch’ patient warmer designed
to provide warmth for hypothermia patients while in
a bed was used to raise the temperature of the
colonoscope. Hollow plastic tubing was used to
direct the heat from the heat pump to the space
around the colonoscope during testing.
To test the colonoscope’s flexural and torsional
rigidity, the span length, the testing environment,
and the testing apparatus for each test were all kept
constant. The following parameters were varied:
(a) the magnitude of the applied load or torque;
(b) the direction of applied torque (clockwise or
anticlockwise);
(c) the duration of the application of the load;
(d) the temperature – either room (24 uC) or body
(37 uC) temperature;
(e) the presence of nearby looping;
(f) the turning of the knobs that angulate the
deflection of the colonoscope’s tip;
(g) the position of the tested span along the length
of the colonscope.
The following parameters were assessed:
(a) the load–deflection curve for flexural testing and
torque–twist angle for torsional testing: from
these the flexural and torsional rigidity were
calculated;
Fig. 1 Photograph of the flexural testing apparatus
with a loop in the right-sided configuration
Fig. 2 Custom-designed torsional testing rig (a) top view and (b) side view
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(b) the linearity and homogeneity of the flexural
and torsional rigidities.
2.2 Flexural rig design
A three-point bending test with simple ends was used
(Figs 1 and 3) since it is both a more realistic repre-
sentation of colonoscopy and it is easy to apply. A span
of 100mmwas chosen in order to be in agreement with
those used by previous studies. The rig was attached to
the Instron micro tester and used for all flexural rigidity
tests at temperatures of 24 uC and 37 uC.
2.3 Torsional rig design
It is noted that twisting of the colonoscope causes a
shortening of its length and can induce an axial load
in the colonoscope. To avoid this axial load and the
effect it would have on the results, a dual-bearing
system is used (Fig. 2). One bearing allows linear and
rotational motion, and the other only linear motion.
Within each bearing sits a cylindrical clamp that
attaches securely to the colonoscope. The bearing
that allows only linear motion is the support end,
while the bearing that allows both linear and
rotational movement is the load end. A rigid lever
arm is installed on the clamp at the load end and is
attached to a pulley system suspending a set of
weights. By measuring the displacement of the rigid
lever arm, the twist angle can be calculated.
2.4 Flexural rigidity testing
Testing of the colonoscope’s flexural rigidity was
performed assuming that the colonoscope behaves
as an Euler–Bernoulli beam. The test span of the
colonoscope was treated as a simple beam supported
by two roller supports. A displacement, d5 10mm,
was imposed at the midpoint of the span and the
corresponding load, P, was measured (Fig. 3). The
flexural rigidity could then be calculated as [11]
EI~
PL3
48d
ð1Þ
where L is the span (100mm). The following precau-
tions were taken during the tests.
1. A calibration run was performed using a PVC
beam of known properties.
2. At the free ends, the colonoscope was supported
past the testing rig with an adjustable smooth
aluminium platform.
3. The Instron testing apparatus was laid flat in
order that all bending occured in the horizontal
plane, eliminating the influence of gravity.
4. The extension of the Instron micro tester was set
to d5 10mm. The choice of this deflection limit is
discussed in section 4.
5. The tip section of the colonoscope from 0 to
200mm was excluded from the experiments as it
was constructed of more fragile components and
controlled directly by the colonoscope angulation
knobs.
A total of seven tests were performed to assess not
only the influences of the previously mentioned
parameters but also the compliance of the beam
deformation to that of an ideal beam. These tests are
now discussed in detail.
1. Flexural rigidity at room temperature (24 uC). The
colonoscope was set up in the three-point testing
rig as previously described. Fourteen intervals
between the 200 and 1600mm marks on the
colonoscope were tested. Each test was repeated
five times for statistically significant results.
2. Flexural rigidity at body temperature (37 uC). The
entire colonoscope was sealed in flexible plastic
tubing with warm air insufflated. Thermocouples
at the point of flexural rigidity testing and at the
outlet of the sealed flexible plastic tubing were
used to verify that the entire colonoscope was at
the desired temperature. An hour of pre-heating
was applied to ensure that the entire colonoscope
cross-section reached the desired temperature.
3. Temperature response. The purpose of this test
was to assess the length of time the unheated
colonoscope took to reach a stable temperature
response to flexural rigidity testing. The test was
Fig. 3 Three-point flexural test schematic diagram
with sealed boundary for temperature test (d
is set to 10mm)
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undertaken at a single representative point (85 cm
being the midpoint) and repeated every 3min
while being exposed to the heated air at 37 uC.
Each test was repeated three times to obtain
statistical significance.
4. Stress relaxation. In clinical use, a colonoscope
can be under deformation for extended time
periods. For this reason, a displacement of
15mm was imposed at the midpoint of the span
and held for 30min and the load required to
maintain this displacement was observed. This is
further discussed in section 4.
5. Effect of looping on flexural rigidity. Whether or
not there is any effect from nearby looping in the
colonoscope on the value of EI is an important
piece of information for simulation of the colono-
scope response. At a position 10 cm from the
testing rig, the colonoscope was constrained into
a loop of 300mm in circumference (Fig. 1). This
represents a tight loop of close proximity to the
testing location. A difference in the value of EI
under a straight configuration compared with
that under a looped configuration indicates an
effect of the nearby loop on the colonoscope
response. Five tests at four orientations were
conducted, with the loop orientation varied by
right angles between each test.
6. Effect of tip angulation on flexural rigidity. Two
angulation knobs on the colonoscope control
handle rotate the colonoscope tip in four possible
directions via cables running through the centre
of the colonoscope. By testing the effect of tip
angulation on the value of EI, further under-
standing of the colonoscope response can be
obtained. To determine the effect, the colono-
scope was positioned in the flexural testing rig in
a straight configuration. The control knobs were
rotated for each of the four possible directions
and the flexural rigidity was obtained at the test
location of the colonoscope. The tests were
repeated five times, with data logged at 10Hz.
Discrete observations were taken at the four
possible configurations of the knobs rather than
continuously during the knob rotation.
7. Ideal beam assessment. All the performed tests
were conducted assuming that the colonoscope
behaves as an ideal beam. This assumption was
tested by comparing the shape of the deflected
colonoscope to the deflected shape of an ideal
beam according to classic beam theory. A digital
camera was mounted directly above the test rig
and a series of photographs were taken during the
flexural rigidity tests. The recorded values of
extension from the Instron micro tester log file
were compared to the maximum deflection from
the photograph to determine the time and load
that was being exerted when the photograph was
taken. The deflections at 50 equally spaced points
along the span were compared with those
calculated for an ideal beam loaded at the
midpoint of the span and supported by rollers at
both ends [11]
v~{
Px
48EI
3L2{4x2
  ð2Þ
where EI is the flexural rigidity estimated from
prior tests and x is the distance along the span.
The difference between the ideal and actual
deformations was quantified and the values
averaged with the root mean square of the error.
2.5 Torsional rigidity testing
The torsional rigidity of the colonoscope, defined as
the product of the shear modulus G and the polar
moment of inertia J was evaluated using a custom-
designed torsional testing rig (Fig. 2). This rig was
designed to apply a static torque on the colonoscope
and allow for testing at room temperature and at
body temperature using a heat pump. The testing rig
was designed to withstand higher torque than the
expected maximum torque of 1.1Nm exerted on the
colonoscope during colonoscopy observed by Apple-
yard et al. [12]. To account for any friction between
the bearings and clamp in the testing rig, measure-
ments were taken of the weight required to start
moving the free clamp in the bearing. The static
friction of the clamp was experimentally determined
to be overcome by a suspended mass of between 20
and 25 g. This effect is accounted for in determining
the applied torque. The torsional rigidity tests
included the following tests.
1. Torsional rigidity at room temperature. A torque of
up to 1Nm was applied and measurements of the
displacement of the lever arm recorded using a
micron dial-gauge attached to the testing rig and
positioned at the base of the lever arm at the
colonoscope surface. Both clockwise and anti-
clockwise (relative to the loaded end) torques were
used. The temperature was recorded using an
infrared spot thermometer aimed at the colono-
scope surface. The value ofGJwas calculated as [11]
GJ~
TL
Q
ð3Þ
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where T is the applied torque, L is the length of the
colonoscope test segment (10 cm), and Q is the twist
angle.
To assess if any difference exists in the torsional
rigidity between clockwise and anti-clockwise tor-
ques at various locations along the colonoscope, the
process was repeated by clamping the colonoscope
in the opposite directions at every 100mm interval
marked on the colonoscope. The recorded data
were analysed for linearity and the value of GJ
calculated using equation (3).
2. Torsional rigidity at body temperature. The test-
ing rig was enclosed in plastic tubing (as for the
flexural tests) and the heat pump was used to
raise the temperature to 37 uC (verified by the
infrared thermometer). The steps taken in the
measurement of the torsional rigidity at room
temperature were repeated.
3 RESULTS
3.1 Flexural rigidity
Each flexural test was analysed and assessed for
linearity using least-squares regression. A typical
loading–unloading flexural test result is shown in
Fig. 4, with regression analysis of the loading
segment data yielding S5 0.518N and R25 98.8 per
cent thus indicating that the data are appropriately
linear for the determination of the value of EI.
1. The flexural rigidity tests at room and body
temperatures yield the results shown in Fig. 5. A
statistically significant difference between the two
temperatures is observed for every point except at
1550mm, where a one-way analysis of variance
(ANOVA) test produces a p-value of 0.09 at the 95
per cent confidence level. The average difference
in EI between the high and low temperature
studies is 17 per cent. The average variation in EI
due to temperature depends on the specific
instrument, with the high and low temperature
studies varying between 7 and 25 percent. Note
that the flexural tests were only performed on the
Olympus CF-140S colonoscope.
2. Results from monitoring the flexural rigidity as
the colonoscope was heated lead to an estimation
of the time to reach a stable temperature in the
apparatus of 25min.
3. The stress relaxation results shown in Fig. 6
indicate that some relaxation still occurs after
30min but then its starts to plateau.
4. Looping effects (Fig. 1) were assessed by investi-
gating the differences between the four loop
orientations using ANOVA and 95 per cent Tukey
confidence intervals, with all intervals including
zero; except those involving the right configura-
Fig. 4 Typical flexural load–deflection curve (loading–
unloading)
Fig. 5 Summary of flexural tests at room and body
temperature with 95 per cent confidence bars
for the Olympus colonoscope
Fig. 6 Stress relaxation results (deflection is main-
tained at 15mm at mid-span)
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tion. This is highlighted by the interval plot shown
in Fig. 7.
5. The effect of rotating the flexible tip to each of its
four fully flexed positions and measuring the
flexural rigidity under the applied deflection of
10mmwas compared using one-way ANOVA with
a p-value of 0.329 and S5 15.17, which gave an R2
value of 18.83. This indicates that there is no
significance due to either tensioning of the
angulation wires or the deflection imposed
(Fig. 8).
6. A comparison between the actual deflection and
that of an ideal beam (equation (2)) gave a reason-
able correlation with an average error of 0.8mm.
3.2 Torsional rigidity
Each torsional rigidity test was analysed and
assessed for linearity using least-squares regression.
Figures 9 to 12 summarize torsional rigidity results
for the Olympus and Pentax colonoscopes.
1. Torsional rigidity at room temperature (24 uC).
Results for the angle of twist versus torque for the
Pentax colonoscope at 24 uC are shown in Fig. 9.
The results are shown at four locations from the
control handle along the colonoscope: start
(30 cm), middle (60 cm), middle (90 cm), and
end (120 cm). The variation in torsional rigidity
along the colonoscope is shown in Fig. 10 with an
average value of 46.1Ncm2/deg at an applied
torque T5 0.43Nm.
For the Olympus colonoscope, Fig. 9 shows the
twist angle versus applied torque, results for
clockwise and anticlockwise torques applied at
three locations; start (20 cm), middle (50 cm), and
end (100 cm) are shown in this figure. Figure 10
shows the variation in torsional rigidity along the
Olympus colonoscope at different values of
applied torque (0.22, 0.43, and 0.86Nm). The
average value for GJ is 76.7Ncm2/deg at an
applied torque of 0.86Nm.
2. Torsional rigidity at body temperature (37 uC).
Results for the angle of twist versus applied
torque (clockwise) for the Olympus colonoscope
at 37 uC are shown in Fig. 11. The variation in the
torsional rigidity along the colonoscope is shown
in Fig. 12 with an average GJ value of 71.1Ncm2/
deg at an applied torque of 0.86Nm. The Olympus
colonoscope is on average 7 per cent more
flexible at 37u C than at 24 uC.
4 DISCUSSION
The aim of this study was to test the flexural and
torsional rigidity of a colonoscope and assess if the
colonoscope can be represented as a linear elastic,
homogeneous beam. Due to cost considerations it
was deemed acceptable to limit the tests to a set of
two ex-service colonoscopes. Two observers took
measurements for the flexural rigidity test and col-
lected sufficient data points to draw conclusions
regarding linearity, temperature dependency, and
effect of loop formation and tip angulation. The
torsional rigidity tests were performed by one ob-
server, and each test was conducted four times to
ensure repeatability of measurements.
Figure 4 shows a linear flexural response during
loading (with R25 98.8 per cent) which indicates
that a linear model gives a good fit to the flexural test
data. The unloading path is not the same as the
loading path which is expected given the internal
structure of the colonoscope that contains various
Fig. 8 Boxplot of the influence of tip deflection on
flexural rigidity
Fig. 7 The 95 per cent confidence interval plots for
flexural tests conducted with and without loop-
ing
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control wires, steel coils, and polymer tube cover.
The use of d5 10mm deflection limit in the flexural
test is based on the following considerations.
1. As seen in Fig. 4, the response is linear within this
deflection limit.
2. A 10mm deflection is expected to be less sensitive
to measurement errors than a smaller deflection
limit (for example 1mm).
3. From Fig. 4 and equation (2), a 10mm deflection
corresponds to a bend radius of between 60 and
90mm. This bend radius is realistic for a colono-
scope navigating a path through various segments
of the colon (for example around the splenic
flexure).
Figure 5 shows the EI values of the Olympus
colonoscope at various locations along the insertion
tube. It is noted that the flexural rigidity varies along
the colonoscope length, indicating that the colono-
scope is not homogeneous. The distal section has a
significantly lower EI value than other sections of the
colonoscope at both body temperature and ambient
temperature. An additional point to note is that the
proximal section of the colonoscope at 1550mm has
a noticeable variation in the flexural rigidity mea-
surement. The most likely explanation of this vari-
ation is the proximity of the internal fixations of the
colonoscope insertion tube to the control handle.
The residual stresses from the control handle act
such that the proximal support restraint is no longer
completely free. The result of higher uncertainty
values at this point is also noted by Burn et al. [8].
A change in flexural rigidity in response to the
increase in temperature was evident over the entire
length of the colonoscope. The observed value of
the decrease in flexural rigidity of 17 per cent is
significantly less than the 33.3 per cent reduction
reported by Burn et al. [8]. It should be noted that
those authors soaked an Olympus 20-HL colono-
scope in a temperature-controlled bath for 15min
before it was attached to the testing rig and that
there is a period during which the colonoscope is
allowed to cool before the testing begins. To off-
set this cooling effect Burn et al. [8] heated the
endoscope to a higher temperature than the tem-
perature being tested. Thus, it is possible that the
observed differences in the results can be explained
by the fact that the tested colonoscopes are at
Fig. 9 Angle of twist versus torque at 24 uC for Pentax and Olympus colonoscopies (cw is
clockwise and a-cw is anticlockwise)
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Fig. 10 Variation of torsional rigidity along the length at 24 uC (Pentax and Olympus
colonoscopes)
Fig. 11 Angle of twist versus torque at 37 uC (clockwise, Olympus CF-140S)
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different temperatures. Further tests involving differ-
ent colonoscope types and a larger number of each
type would be required to confirm this hypothesis.
One explanation of the variance in the flexural
testing results could be that the temperature of the
colonoscope did not reach the temperature of the
heated air surrounding it. Further testing showed that
heating the colonoscope over a 25min period stabi-
lized the EI value. As the initial tests used 60min of
heating, the results are considered to be valid. The
temperature of the specimens in the torsional testing
rig is more accurate since an infrared spot thermo-
meter was used to directly measure the surface
temperature of the colonoscope.
The stress relaxation test (Fig. 6) shows that it took
nearly 30min for the relaxation to plateau. Ideally, a
stress relaxation test is carried out at various strain
levels that represent material deformation. For the
composite construction used in a colonoscope, the
polymeric material components are expected to
exhibit more relaxation than metallic components.
Rather than conducting stress relaxation tests at
different strain levels, a single relaxation test (re-
peated three times) was conducted. A deflection of
15mm was used at the midpoint of the span in this
test. This deflection corresponds to around a 10 per
cent strain which is within the expected deformation
of polymeric materials.
Fig. 12 Variation of torsional rigidity along the length at 37 uC (Olympus CF-140S)
Table 2 Summary of flexural and torsional rigidity testing results
Study EI (Ncm2) GJ (Nm/deg) GJ average value(Nm/deg)
This study, Pentax EC-3870, at 24 uC N/A 0.057 46.14
Tested at 0.43Nm torque
This study, Olympus CF140S, at 24 uC 260–400 0.065 and 0.074 69.2 and 76.7
clockwise and anticlockwise
torque respectively
tested at 0.86Nm clockwise and
anticlockwise torque respectively
This study, Olympus CF140S, at 37 uC 225–375 0.068 71.1
tested at 0.86Nm anticlockwise torque
Nemirovskii [3] N/A 0.157 N/A
Olympus sigmoidoscope (CF-MB3R)
Nemirovskii [4] 911–970 N/A N/A
Olympus colonoscope unspecified
Wehrmeyer et al. [7] 160–240 N/A N/A
Burn et al. [8] 900 (at 20 uC) N/A N/A
540 (at 40 uC)
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The presented results show that the presence of
looping in the colonoscope results in a difference in
the EI value. Also, the orientation of the loop has
been shown to be significant. The right-handed loop
orientation yielded a significantly increased EI value
as shown in Fig. 7. A plausible explanation for the
behaviour is that the internal components of the
colonoscope are strained under the tension of
looping and engage in the internal cavity of the
colonoscope. Without looping the internal compo-
nents of the colonoscope are normally loose. The
results in Fig. 7 show that looping does have a
significant effect on the flexural rigidity; however, it
was not possible to precisely quantify this effect. A
more precise study is warranted to investigate
flexural rigidity under: different looping sizes, loop-
ing distance from the point of measurement, and the
influence of orientation in a more precise way.
The torsional rigidity for the Pentax colonoscope
(at 24 uC) shows more variation along the length than
does the Olympus colonoscope. The GJ value for the
Olympus colonoscope at 24 uC can vary by up to 10
per cent depending on the direction of the applied
torque (clockwise or anticlockwise) and by around 7
per cent with temperature (24u or 37 uC). A summary
of the current results for EI and GJ values is pre-
sented in Table 2 together with other available
results in the literature.
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